heat-capacity measurements on coesite and stishovite provide thermodynamic properties from 5 to 350°K. The heat capacities (C,), entropies (SO), and Gibbs energy functions [-(Go -H",)/T] are 10. 85, 9.65, 4.124, and 10.27, 6.64, 2.362 at 298015°K for coesite and stishovite, respectively, in Cal/( mole "K). Enthalpies of transition for phase changes were determined by solution calorimetry in a lead-cadmium-borate solvent at 697°C. The following values (in kcal/mole) were obtained upon adjustment to 298~15°K: quartz + coesite (1.2, f 0*15), quartz + cristobalite (0.6, & 0*15), quartz +silica glass (2.1, f 0*15), and cristobalite + silica glass (1.5, & 0.15). The enthalpy of coesite to 1070°K and the enthalpy of transformation for stishovite-silica glass were provided by means of a novel technique, "transposed-temperature" drop calorimetry. These data permit the delineation of P-T field phase boundaries for the stable equilibria coesite-quartz and coesite-stishovite, as well as for the metastable quartz-stishovite boundary, which are in reasonable agreement with the results of recent equilibrium and formation studies.
INTRODUCTION
SILICA exists in several well-known crystalline modifications at ambient atmospheric pressure (cf. SOSMAN, 1965) . As a consequence of silica's role as one of the principal rock-forming oxides, there has been longstanding interest in its chemical thermodynamics on the part of chemists and geologists alike. Nevertheless, in spite of a series of independent thermochemical studies carried out over a period of more than 50 years, there is as yet no general agreement about the enthalpies of transformation between the various low-pressure polymorphs of silica or even about its enthalpy of fusion.
During recent years the interest in the chemical thermodynamics of the silica system has been further aroused by the discovery of two new high-pressure polymorphs. First COES (1953) synthesized at pressures near 35 kb and at temperatures between 500 and 800°C a new phase which is about 10 per cent more dense than quartz. Later STISHOV and POPOVA (1961) discovered and described an even more dense modification which is formed at pressures of the order of 100 kb and temperatures of IOOO-1600°C. Since the first preparations of these phases in the laboratory, both have been discovered in nature and isoiated from sandstone in Meteor Crater, Arizona. It is apparent that they have been formed under the transient high-temperature, highpressure conditions generated upon meteoritic impact. These polymorphs have been given the mineralogical names coesite and stishovite. The crystal structure of coesite determined by ZOLTAI and BUERGER (1959) does not differ greatly from the structures of the low-pressure modifications of silica. The structure of stishovite determined by STI~HOV and BELOV (1962) and independently by PREISINGER (1962) is that of rutile (TiO,) and is unique among known silicon compounds in having sixfold coordination of silicon with respect to oxygen. Since the fist synthesis of coesite and stishovite, there has been great interest in de~rmining their temperat~e-pressure stab~ty fields. For example, once the quartz-coesite curve has been firmly established, the quack-coesite transformation may eventually offer a convenient basis for calibration of solid high-pressure-hightemperature apparatus. The interest in stishovite, on the other hand, is in part motivated by the prediction that this mineral plays an important role in the chemistry of the mantle. Thus the large volume contraction associated with reactions such as: 2MgSi0, = Mg&iO, + SiO, enstatite olivine stishovite provides a strong driving force at depths of the order of 400-1000 km below the surface of the earth (RINGWOOD, 1962) . Consequently, a number of equ~ibrium investigations have been carried out, especially in the case of quartz-coesite which is readiIy accessible to modern ~gh-pressu~, high-ternperat~e methods. There is, however, considerable disagreemen% among the various investigators, particularly between results obtained by piston-anvil and by piston-cylinder equipment. Hence an independent approach to this problem, such as is provided by calorimetry, is of major significance. The conventional approach to the thermochemistry of silica and silicate minerals is based on the use of aqueous hydrogen fluoride solution calorimetry, which furnishes the essential values on enthalpies of transformation and of formation. Unfortunately, this method fails for coesite and stishovite due to the inertness of these materials to attack by aqueous hydrogen fluoride, even near 100°C.
In a recent communication, IIOLX and KLEPPA (~966) have demonstrated that oxide melt solution calorimetry provides an attractive alternative for minerals which do not dissolve in aqueous hydrogen fluoride near room temperature. Using a lead-cadmium-borate solvent at 700°C, they were able to measure the enthalpies of solution of the three polymorphs of AI,SiO, and of 3Al,O,*2SiO, (mullite), which had all defied repeated attacks by the aqueous hydrogen fluoride method. Combination of the new enthalpy data with available information on the entropies and volumes of transformation enabled a calculation of the P-T diagram for this system valid over wide ranges of temperature and pressure.
In the present communication, we report the results of a related thermochemical study of coesite and stishovite, based on the combined use of adiabatic cryogenic calorimetry, high-ternperat~e solution calorimetry, and drop calorimetry. Precise de~rmination of the heat capacity at low temperat~es permitted the evaluation of the thermal properties of these substances to about 350°K. The mineral coesite, while thermodynamically unstable, can be maintained indefinitely at 7OO'C under atmospheric pressure. Its enthalpy of solution was measured at this temperature in a lead-cadmium-borate melt and compared with that obtained for pure, crystalline quartz.
The mineral stishovite will, according to SKINNER and FAHEY (1963) , transform spontaneously to a glass ("stishovite glass") at elevated temperatures and atmospheric pressure. The rate of transformation depends very strongly on temperature; at 800°C the reaction is complete in 15-20 min, while at 100°C the reaction proceeds extremely slowly. The glass formed after 15-20 min at 800°C has an index of refraction of 1.461 which is very close to that of pure silica glass, 1.459.
The behavior of stishovite at elevated temperatures prevents us from studying this mineral by the oxide melt solution method. Instead we have determined the enthalpy of transformationof this mineral to stishoviteglass by means of "transposedtemperature" drop calorimetry.
In this approach a small sample of stishovite is first dropped from room temperature into the calorimeter at 800°C and the total enthalpy increment determined.
In a second experiment. the enthalpy of the transformed glass at the same temperature is measured. From the difference between these two calorimetric results we obtain the enthalpy of transformation of stishovite to glass at room temperature.
In the course of the present investigation we have also determined the enthalpies of solution of quartz, cristobalite, silica glass, and stishovite glass in our oxide melt at 700°C. This permits us to compare some of our new results with data obtained by earlier workers who used the aqueous hydrogen fluoride method. Such a combined approach allows an evaluation of the chemical thermodynamics of the coesite and stishovite phases as well as the delineation of the P-T stability fields.
EXPERIIHENTAL DETAILS AND RESULTS OF CRYOGENIC THERMAL MEASUREMENTS
These measurements were made at the University of Michigan.
Materials
(a) Natural coesite. A 100.131 g (in wacuo) calorimetric sample of coesite was kindly loaned by Dr. Werner StGber and Professor Dr. Karl Thomas for these measurements. This mineral had been isolated from Coconino sandstone taken from the crater near Winslow, Arizona, where coesite was produced M a result of impact metamorphism (CHAO, 1967), i.e. by meteorite-cratering impact with the earth. The sandstone had been ground in a rubber-clad ball mill, treated with hydrochloric acid, and (since the coesite occurred as crystallites less than 1 ,U in dia.) enriched by a sedimentation process. This intermediate product was subsequently treated with aqueous hydrofluoric acid to selectively remove quartz and amorphous silica ST~BER, 1963, 1966) . X-ray diffraction indicated the absence of quartz (sensitivity limit, 0.5%). Less than 1% stishovite and less than 0.2% rutile were detected in the calorimetric sample. Electronmicroscopic study of the particle size distribution by STABBER (1965) indicated that only 4.5 per cent of the particles were larger than 0.5 ,U and that the specific surface was 1.37 m2/g from a statistical survey and 7.8 m2/g on the basis of physical adsorption (BET adsorption of argon at 70°K). This represents material of smaller particle size than desirable for a thermodynamic standard state and is of particular concern because of the possible adsorption of water and/or hydroxyl (i.e. silanol) groups. The sample was held for 14 hr at 200°C in high vacuum to minimize the amount of adsorbed water.
(b) Natural &&owite. The calorimetric sample, 27.923 g (in wacuo), was isolated and loaned to us by Stijber and Thomas. This mate&l had also been isolated from the meteoritic impacted Coconino sandstone by further treatment, of the coesite fmetion (BOHN and ST&E=, 1963) . It contained no quartz or coo&e but traces (O-001 to O-1 %) of Al, Fe, and alkaline earth metals and a residue of 0.6% TiO, (rutile). Electron miorographs of the sasnple show the majority of the particles to be micro-crystallites of prism&o shape, with occasional extended acicular shapes. The mean geometric dia. is 0.074 y; the logarithmic standard deviation is 0.281. Hence the particle size distribution indicates only 0.1% greater than 0.5 p and statistical and physical adsorption shows specific surfaoes of 6-7 and 21 mP/g, respectively. The packing density was l-6 g/ml. As in the case of ceesite, this represents material of smaller particle size than desirable for & the~od~~ic sample. Adsorbed water is an even more serious concern beocause of the large surface development of the erystailites and the not unreasonable requirement that the sample should not be heated beyond 100°C to avoid incipient decomposition at the surface of the sample. The sample was held at 100°C under high vacuum for 18 hr to minimize the adsorbed water content. From experiments reported in later sections of this paper, we estimate that the H,O content may still approach 2 per cent.
Measurements were made in the Mark II adiabatic calorimetric cryostat previousIy described (WESTRUM, 1962) , provided with an electronic adiabatic shield control consisting of three separate channels of recording circuitry with proportional, rate, and reset actions which maintained a temperature difference of less than a millidegree and thereby reduced heat loss to the surroundings to an amount negligible in comparison with other sources of error. A special, gold-plated, copper calorimeter (laboratory designation W-35, mass 60.0 g, and a volume of 102 ml) was constructed from OFHC copper rod for measurements on coesite. A similar but smaller one was constructed to optimize results on the stishovite. It was designated W-39, had a mass of 13.1 g and a volume of 22.7 ml. Both have gold-gasketed, screw-type vacuum closures for the sample space and axial thermometer-heater wells. Temperatures determined with a capsule-type, platinum-resistance thermometer (laboratory designation A-5) are considered to be in accord with the thermodynamic temperature scale within 0.03°K from 10 to 90°K and within 0.04"K from 90 to 350°K. The heat capacity of the empty calorimeter was determined separately with appropriate small corrections for the slight differences in the amounts of helium gas (ca. 10 cm pressure to enhance thermal contact between calorimeter and sample) and Apiezon-T grease on the loaded and on the empty calorimeter. The heat capacity of the coesite sample is about 54% of the total at 15'K and gradually increases to about 75% above 200°K ; corresponding figures for the stishovite are 40 and 60%. Buoyancy corrections were made on the basis of densities of 2.91 and 4.28 g/ml for coesite and stishovite, respectively. All determinations of mass, voltage, current, time, and temperatures were referred to calibrations or standardizations performed by the National Bureau of Standards.
Results of cryogenic calorimetry
The experimental heat-capacity values for coesite and stishovite are presented in chronological sequence at the mean temperatures of determinations in Table 1 . Temperature increments employed in the measurements may usually be inferred from the differences in the adjacent mean temperatures.
These data have been adjusted for "curvature" occasioned by the finite temperature increments employed in the measurements and are considered to have a probable error decreasing from about 5% at 5'K to 1-Oo/o at 10°K and to less than O*2o/o above 20°K. They are based upon a defined thermochemical calorie equal to 4*184Oj, an ice point of 273*WK, and gram formula mass (gfm) of 60.085 for SiO,. These heat-capacity data are presented in Fig. 1 in the form of deviation curves from recent precise data for Brazilian quartz (I) (WESTRUM, 1956 ) and will be seen to deviate significantly over the entire temperature range. The heat-capacity values at selected temperatures in Table 2 were taken from a smooth curve obtained by a least-squares, computerfitted polynomial function through the experimental points. The thermodynamic functions, also given at selected temperatures in this table, were obtained by integrating these data with a high-speed digital computer.
The thermodynamic functions are considered to have a precision corresponding to a probable error of less than O*1o/o above 100°K. However, an additional digit beyond those significant is given in Table 2 for internal consistency and to permit interpolation and differentiation. The entropies and Gibbs energies have not been adjusted for nuclear spin and isotopic mixing contributions and are hence practical values for use in chemical thermodynamic calculations.
The presence of quartz and stishovite as impurities in the coesite sample and of rutile and water in the stishovite sample limits the accuracy which can be ascribed to these values, and uncertainties as to the exact amounts of impurities preclude adequate adjustment. We consider that these impurities will probably affect the heat capacities significantly only below 15°K and that the thermodynamic functions above 100°K are probably reliable to about &O-3%. However, the surface contribution to the heat capacity of the micron-sized crystallites (cf. JTJRA and GARLAND (1952) and BARRON et al. (1959) for the MgO situation) may also contribute several tenths cal/(mole "K) to the entropy. The present values may, therefore, be higher by these amounts than would be expected for ideal macroscopic crystals, the usual thermodynamic reference state.
EXPERIMENTAL DETAILS AND RESULTS OF HITHER TEMPERATURE THERMAL MEASUREMENTS
This portion of the work was performed at the University of Chicago. 
Solution calorimetry
The calorimeter used throughout the present work and the experimental procedures adopted were similar to those of YOKOKAWA and KLEPPA (1964) . All experiments were performed at 697 f 2°C. Calibration was by the gold-drop method, based on the enthalpy equation for pure gold given by KELLEY (1960) . The solvent was prepared from reagent grade lead(I1) oxide, cadmium(I1) oxide, and boric acid in the approximate ratio 9 PbO : 3 Cd0 : 4 B,O,. In previous work (HOLM and KLEPPA, 1966 ) the heat of solution of quartz in a melt of this composition was found to be -3.64 kcal/mole. This value was obtained using a melt of slightly more basic character than in the present, work. At the composition used, the heat In each solution experiment a small quartz, cristobalite, coesite, or glass sample (0.7-1.0 m-mole) was dissolved in 40 g of melt (about 250 m-mole of oxides). The results obtained in the solution experiments are summarized in Table 3 .
It will be seen from the datagivenin Table 3 that the results obtained in experiments wit,h quartz(I1) and coesite(I1) are about O-2 kcal less negative than those obtained for quartz(I) and coesite(I), respectively. Quartz(I1) and coesite(II), which were prepared at 7OO"C, had particules ranging in size from about 1 to 10 p. On the other hand, coesite(I), which had been synthesized at much higher temperatures, consisted of a generally coarser powder. We have no definite explanation for the different values observed for the two sets of powders, although it could be due to the difference in particle size. This problem has been studied recently in the case of MgO. For this oxide NA~ROTSKY and KLEPPA (1966) found a significantly more endothermic enthalpy of solution in lead-cadmium-borate for powders fired at 700°C than for those fired at high temperature (up to 14OO"C). Moreover, a powder of very f?ne particle size has frequently been found to be disadvantageous in this calorimeter, possibly due to surface tension effects. It is also possible that the large specific surface favors chemisorption of water, even at 700°C.
It should be noted that the difference in the enthalpy of solution values for By taking into account our enthalpy data for coesite at 970°K (see below), we derive for the same process at 298°K:
AH&, = 1.2, f 0.15 kcalfmole.
The last two lines of Table 3 give data on the heat of solution of stishovite glass and of silica glass in our calo~metric solvent. It is apparent that the values do not differ sig~ficantly.
This suggests that, thermod~a~~~y, stishovite glass is virtually identioal with regular silica glass. By comparison of our result for stishovite glass with that for pure crystalline quartz(I), -3.0, f O-1 kcallmole, we may write for the process Quartz -+ Stishovite glass Table 4 which also contains data relating to stishovite (see below). Using the available enthalpy data for cristobalite and silica glass between 970°K and the melting point of cristobalite, 1996*K, we obtain for the process:
This result may be compared with the generally accepted value for the enthalpy of melting of cristob~~~, l&4 k~&l~mole, u&Wed by KRACEK (1930) from cryoscopic data. This value also was derived by FDRLAXD (1964) on the basis of a recent reanalysis of the available cryoscopic data for silica-rich solutions. It should be noted, however, that RICHARDSON (1953) and LUMSDEN (1966) caloulsted the cristobalite enthalpy of melting as 3.6 k&/mole from a different analysis of IIRACEK'S cryoscopic data. 
Tramposed-temperature drop calorimetry
The present work involves two different types of drop ca;lorimetric experiments, both using a transposed-~mperat~e drop method ; in each case materis was dropped from a known temperature near 300°K into a high-temper&ure calorimetric receiver. The two types of experiments were designed to determine the enthalpy of coesite at temperatures up to 800°C and the enthalpy of transformation of stishovite to glass.
(a) EntliaZpy ofcoesite. About 250 mg of natural coesite was placed in a platinum capsule (5 mm dia., 25 mm length, and 0.07 mm wall t~c~ess).
After filling the capsule, the open end was squeezed completely closed with a three-jaw chuck. The Illled capsule was then dried to constant weight at 700%. In an actual drop experiment the filled capsule was dropped into the calorimeter through a fused silica tube of 8 mm i.d. The capsule was received within the entrant, silica-glass-lined well of a silver cylinder (16 mm dia. x 100 mm length) in the calorimeter proper. Since our present concern is prim&~ly with the diEerence in enthalpy between quartz and coesite, we also carried out completely analogous experiments in which the capsule was filled with about 250 mg of pure, crystalline quartz(I) powder. The results of all these experiments are recorded in Table 5 . Because & small discrepanoy between our data, for quartz and those calculated from the values given in the JAUF TABLES obtains at the lower temperatures, our data, for coesite listed in the last column of Table 5 are referred to the enthalpy of quartz given in the JAXAF TABLES.
(b) Transformation of stishovite to the glassy phase, For each experiment about 150 mg of stishovite powder was placed in a platinum capsule of 3.5 mm dia., 25 mm length, and 0.07 mm wall thickness and sealed in the manner described for coesite. Prior to each drop experiment the capsule and contents were maintained in a vacuum at 50°C overnight and then dried for 1 hr at 105-110%. This treatment still left some water in the sample. Attempts at drying the capsule at 15O*C did not reduce the water content significantly, but resulted in some transformation of stishovite to glass. Therefore, the water-containing samples dried at 110°C were dropped into the calorimeter at 8OO"C, and the weight-loss due to the vaporization of water was determined.
This weight-loss represented about 2.2% of the total weight of the sample. A correction was then applied for the thermal effect associatid with transforming the (assumed) liquid water in the sample at 25°C to gaseous water at 800°C. The results of these experiments are recorded in Table 6 . The quantities given in this In the last column of Table 6 the molal enthalpy increment associated with reaction 6 is given. From the low-temperature heat capacities of coesite and stishovite and the resultant third-law entropy values plus the higher-temperature enthalpies of coesite The presently available enthalpies and entropies of quartz to coesite andstishovite are summarized in Table 7 . On the basis of these data, the Gibbs energies (AGtr") for the quartz-coesite, coesite-stishovite, and quartz-stishovite transformations may be calculated at the indicated temperatures and at 1 atm pressure:
At any other pressure the Gibbs energy may be obtained from the expression:
P=l
For equilibrium between the two phases AGt?$ = 0.
In a zeroth order approximation of the equilibrium pressure we may neglect the dependence of AVt, on temperature and pressure and simply set AVt, = AVt&, the volume increment at 298°K and 1 atm. When, as in the cases under consideration, the pressures are high and the compressibility differences between the phases in equilibrium are significant, it is of importance also to take into account the dependence of AV&, on pressure. Among the silica polymorphs of interest, detailed compressibility information is available only for quartz, for which we may write:
Similar equations may be expected to apply for the other substances too. Unfortunately, we do not as yet have similar detailed knowledge about the compressibility of coesite and stishovite. However, according to a very recent unpublished determination by JAMIESON (1966) , the value of AV/V" for stishovite at 80 kb is about -0.02, i.e. l/6 of the value for quartz. We are not aware of any PV data for coesite. On the other hand, in view of the well-known correlation between molal volume and compressibility, we have estimated the compressibility of coesite to be about 80 per cent of that of quartz.
For convenience, if we now assume that the ratios of the coefficients b/a and c/a, in equation (2) are the same for the three modifications considered, we shall be able to make a somewhat improved calculation of the equilibrium pressures for the three equilibria of interest. When improved compressibility data for coesite and stishovite become available, a more refined calculation can be carried out.
The calculated P-T diagram for coesite-quartz, covering the temperature range 0-731"K, is presented in Fig. 2 . Calculations at temperatures significantly higher than these are not possible due to the a-j3 quartz transformation at 848°K. The lighter continuous curve in Fig. 2 represents the calculated equilibrium curve with compressibility neglected, while the bolder continuous curve includes this correction. The difference in pressure between the two curves is about 2 kb. For each of the calculated points in Fig. 2 we have indicated the magnitude of the estimated error, -&3 kb. This is based principally on our assessment of the estimated error in the enthalpy of transformation. It does not include the small uncertainties associated with the entropy of transformation.
Figure 2 also contains the P-T curves given in six different equilibrium studies of this system carried out during the past ten years, as well as a single high-temperature, high-pressure point reported recently by BOYD et al. (1966) . It will be seen that the results of the earlier studies generally fall into two distinct groups. The studies by MACDONALD (1956) , by GRIU~S and KENNEDY (1956) , and by DACHILLE and ROY (1959) , all of which were based on the piston-anvil method, give somewhat lower transformation pressures than the more recent investigations of BOYD and ENGLAND (1960) , of KITAHARA and KENNEDY (1964) , and of TAKAEA SHI (1963) , who all used the piston displacement approach. Our calculated values of the transformation pressures fall somewhat above those obtained by the other investigators. However, when the many sources of error are taken into account, we consider the agreement to be reasonably satisfactory. This is particularly true with respect to the work of T ARAFTASHI and the recent high-temperature, high-pressure point of BOYD et al. On the other hand, the discrepancy seems somewhat too large to support the use of the presently available quartz-coesite curves for P-T calibration.
Calculated P-T curves for coesit+stishovite and for the metastable equilibrium quartz-stishovite are presented in Fig. 3 . The temperature range of the calculated data is restricted to 0-345'K, since we do not have enthalpies and entropies for stishovite at higher temperatures. Due to the very high pressures and the large compressibility differences, the compressibility corrections in these cases are quite large, of the order of 10 kb. We estimate that the uncertainty in the corrected values of P is of the order of f6 kb.
Experimental information on these transformations is both exiguous and uncertain and usually is a report only of the temperature and pressure ranges at which stishovite does or does not form. We have included in Fig. 3 the results of STISHOV and POPOVA (1961) [recalculated on the basis of the new pressure scale of KENNEDY and LAMORI of 6.28 cal/(mole "K) does not differ much from the experimental value, 6.64 call (mole "K). This agreement accounts for the fact that Stishov's estimated P-T curve and our own calculated curve are nearly parallel at 298°K. It should be noted, however, that our data show that at 298'K the heat capacity of stishovite is still significantly less than that of coesite [lo-27 as compared to 1036 cal/(mole OK)]. Therefore, the slope of the equilibrium curve (dT/dP = AlG!/ASt) may be expected to become somewhat smaller at temperatures higher than 298°K.
